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In the past 20-25 years, a great deal of attention has been paid to the problem of developing ecologically safe, so-called "green" tyres. The concept of green tyre development envisages an improvement both in working conditions and in the output characteristics of the tyres. Above all, this involves a reduction in rolling losses with the aim of reducing fuel consumption and harmful emissions into the atmosphere, and also improving the traction and holding properties and wear resistance of the tyres.
Increasing ecological safety in tyre manufacture has become possible by using a tread formulation that contains solution-polymerised styrene butadiene rubbers (SSBRs) and precipitated silica fillers (PSFs), which, besides reducing rolling losses, promotes a reduction in the release of harmful compounds from the rubber compound [1] . However, in spite of the available advantages of silicas over carbon black, there are difficulties in manufacturing silica-based rubber mixes. The complexities of mix preparation are associated with the hydrophilic nature of the silica filler owing to the presence on its surface of polar silanol groups, while most rubbers are hydrophobic and non-polar. To improve the compatibility of PSF and polymer, use is made of binding agents, also known as coupling agents [2] .
In a previous publication [2] we determined the optimum ranges of viscosity and molecular weights (MWs) in linear SSBR specimens for the achievement of the necessary level of service properties of carbonblack-filled rubber compounds.
The aim of this work was to continue to investigate the influence of the molecular weight and Mooney viscosity of trial SSBR specimens on the properties of rubber mixes and vulcanisates, but using a silica filler together with a coupling agent. The expediency of doing so was indicated by the results of previous work and by the fact that, with similar microstructural parameters and coefficients of polydispersity of obtained specimens, the properties of the corresponding mixes and rubber compounds differed significantly.
The production of SSBRs was carried out on a pilot unit modelling all stages of industrial synthetic rubber production by continuous solution polymerisation. The copolymerisation of butadiene and styrene was carried out in a hexane solvent, with n-butyllithium as the initiator. The initiator was modified with a mixture of sodium and magnesium alcoholates and magnesium-sodium alcoholate [4] and was supplied by the Voronezh Branch of the Scientific Research Institute for Synthetic Rubber as a commercial product under the trade name Lapramolat M-3 to TU 3840384-2007 specification. The molecular weight of the produced rubber was controlled by changing the comonomer concentrations in the reaction medium.
IR spectra of the SSBR specimens were recorded on a Spectrum 100 spectrometer in the wave number range 4000-600 cm −1 with an accuracy of IR radiation frequency of ±0.5%. Determination of the microstructure of the butadiene part of the polymer was based on measurement of the optical densities of the analytical absorption bands 724, 967, and 910 cm −1 for the cis-1,4-, trans-1,4-, and 1,2-units respectively [5] . Styrene was identified from its characteristic absorption band at 1491 cm
The molecular weight characteristics were determined on a Breeze chromatograph on high-resolution styrogel columns, with a weight measurement range from 5 × 10 4 to 4 × 10 6 . Tetrahydrofuran was used as the solvent at a temperature of 40°C. The eluent flow rate was 0.3 mL/ min. The gel chromatography data were processed using a Waters applied program package.
The glass transition temperature of the specimens, measured on a DSC 204 F 1 Phoenix differential scanning calorimeter in accordance with ASTM E 1356-98, ranged from −16 to −14°C in the entire investigated range of molecular weights, which is consistent with the empirical equation of the dependence of the glass transition temperature on the content of styrene and 1,2-units [6] .
From the specimens obtained, a rubber mix was prepared, the composition of which is indicated in Table 1 .
Mixes were prepared in three stages. The first two mixing stages were conducted in a Rheomix 3000 OS mixer of the Polylab OS laboratory system with a free chamber volume of 625 cm 3 , an initial charging temperature of 70°C, and a rotor speed of 60 r/min. At the first stage, the master batch was prepared by introducing the rubber, filler, coupling agent, oil, and technical stearic acid. Zinc oxide and 6FFD were introduced at the second stage. The charging time of the first two mixing stages was determined by the temperature of 145-150°C. Sulphur and accelerating agents were introduced at the third stage on an Sm 350 150/150 laboratory mill at a roll temperature of 40 ± 5°C.
Rubber mix viscosity was determined on a Mooney MV 2000E viscometer according to the GOST 10722-76 standard.
The vulcametric characteristics were investigated on an MDR-2000 instrument according to the GOST R 54547-2011 standard.
The mechanical loss tangent tg δ at a temperature of 60°C was assessed in accordance with ASTM D 6601-12 on an RPA-2000 analyser.
The elastic modulus G′ and the Payne effect (the difference in G′ at 1% and 50% strain amplitudes) were determined at 0.5 Hz and 100°C on the RPA-2000.
Rubber mix vulcanisation was carried out in a LAP-100 vulcanisation press with electrical induction heating at 155°C for the optimum vulcanisation t 90 (the time in which a degree of vulcanisation of 90% is achieved). The principal tensile properties of the vulcanisates (f 100 , f 300 , f t , e b ) were assessed according to ASTM D 412-98. The Shore A hardness was determined on a Zwick/Roell instrument according to the GOST 263-75 standard. Rebound resilience tests of specimens were conducted on a Schob instrument according to the GOST 27110-86 standard. The abrasion of rubber compounds based on the trial rubber specimens was determined according to the GOST 426-77 standard. The heat build-up of the rubber compounds was assessed on a Goodrich flexometer according to the GOST 20418-75 standard.
The results of analysing the micro-and macrostructure of the investigated rubber specimens are presented in Table 2 . We examined these data in detail in a previous publication [3] ; however, to simplify the significance of new data, they are given again.
Earlier it was shown that, when carbon black is used as the filler, the rubber mix viscosity M t m depends linearly on the viscosity of the investigated rubber specimens M t r [3] . A slightly different picture is observed when a silica filler is used (Table 3) .
Thus, for specimens with a Mooney viscosity of 25.0-39.7, the viscosity increases when the mix is filled with a PSF, but not as significantly as in the case of using carbon black. For specimens of rubber with a Mooney viscosity of 46.7 or more, the difference in values (M t m − M t r ) decreases, and then, with increase in the molecular weight of the rubber, it becomes negative and steadily decreases (Figure 1 ).
The differences in the viscous behaviour of carbonblack-filled and silica-filled mixes can be attributed to the fact that, in the silicon dioxide-silane system, interactions between polymer and filler occur mainly through the formation of chemical bonds, while in the case of carbon black these interactions are physical in nature [7] .
In our opinion, the reason for the reduction in viscosity was a change in the polymer-filler structure under temperature and strain, and to a significant degree for high-viscosity specimens. This was reflected by an increase in the storage modulus G′ under 1% strain, which suggests a lower quality of mixing of silica filler with rubber. The reduced degree of dispersion of PSF in the rubber is also confirmed by consequent reduction in the index tgδ M L (see Table 3 ). It would be remiss not to point out that increase in the elastic modulus G′ may also be due to increase in the proportion of high-molecularweight fractions. From Table 2 it can be seen that, in the entire investigated range of molecular weights and viscosities, the proportion of fractions with a molecular weight of over 10 6 increased from 3 to 13%.
At the same time, owing to their low molecular weight, specimens with a Mooney viscosity of 25.0-39.7 are characterised by better PSF distribution in the rubber. This is indicated by lower values of the elastic component of the complex dynamic modulus G′ and also the torque S′ under 450% strain and minimum torque M L of the corresponding rubber mixes (see Table 3 ). However, in terms of the level of deformation strength properties, rebound resilience, and hysteresis losses, they do not meet the required standards laid down for tread rubbers.
The Payne effect, used to assess the intensity of interaction between the filler particles in the material, depends inversely on the degree of hydrophobisation of the surface of the silicon dioxide particles during silanation. The intensity of interaction is directly related to the magnitude of the real modulus G′, the values of which are determined by the network of intermolecular chemical bonds in the polymer, by chemical and physical interaction between the rubber and filler particles, and by filler-filler interaction. The Payne effect comprises the difference in the elastic moduli ∆G′ at minimum and maximum strain amplitudes [8] . From Table 3 it can be seen that in all the specimens an increase in the Payne effect is observed, and consequently a less effective distribution of filler in the rubber matrix. The nature of the dependence of G′ with increase in the strain amplitude is similar to that in carbon-black-filled mixes. In both cases, the main reason for reduction in the quality of mixing of the obtained mixes was an increase in the molecular weight of the rubber.
Analysis of the vulcanisation characteristics of rubber mixes based on the investigated specimens showed the absence of any influence of viscosity on the time of achievement of 50 and 90% degrees of vulcanisation. However, successive increase in the degree of crosslinking of the mixes was observed, as indicated by an increase in the difference in values of the maximum and minimum torques (M H − M L ). This, in turn, was reflected by an increase in the nominal stress under 300% elongation and in the hardness of the rubber compounds ( Figure 2) .
It is known generally that, with increase in molecular weights, there is an increase in the degree of crosslinking and in the proportion of elastically active chains, and consequently an improvement in the mechanical properties of the rubber compounds [9, 10] . From the results presented in Table 3 it can be seen that the tendency for the mechanical properties of rubber compounds to improve, as in the case of filling with carbon black [3] , is retained when PSF is used. Nevertheless, in contrast to carbon-black-filled mixes, in the entire investigated range of molecular weights of the trial rubber specimens, no clear plateauing-out of the nominal tensile strength is observed (Figure 3) . Likewise, we attribute the increase in nominal tensile strength and elasticity of rubber compounds and the reduction in tg δ with the use of a silica filler to an increase in the molecular weights and in the proportion of high-molecular-weight fractions.
Furthermore, with increase in the molecular weights of the polymer there is an increase in the wear resistance of the rubber compounds, and here the maximum wear resistance (the minimum abrasion) is achieved in the region of the optimum degree of vulcanisation [1, 10] . For a specimen with M n = 160 × 10 3 ( Table 2 ) the greatest degree of mix vulcanisation (M H − M L ) is observed ( Table 3) , and here the value of abrasion of the rubber compound was 62.4 mm 
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The elastic hysteresis properties are the most important characteristics because they determine the heat buildup in the rubber compounds and the rolling losses, and also influence the friction coefficient and fatigue strength [10] . The mechanical loss tangent determined at +60°C characterises the rolling losses. Reduction in tg δ indicates a reduction in rolling losses and consequently in fuel economy. In earlier work [3] we showed that an increase in the number-average molecular weight leads to a linear reduction in the mechanical loss tangent. A similar nature of influence of M n on the mechanical loss tangent is observed when silica is used as the filler. In both cases the reduction in tg δ is due to a reduction in the number of free ends of polymer chains on account of increase in M n [1] . However, it proved impossible to establish any correlation between the macrostructure of trial rubber specimens and another hysteresis characteristic -tgδ M H estimated at 160°C ( Table 3) . In all likelihood, it is necessary to consider the complex influence both of the macrostructure of the rubber and of the structure of the vulcanisation network on the elastic hysteresis characteristics of the rubber compounds.
In turn, a reduction in tg δ indicates a reduction in hysteresis losses of the trial vulcanisates and is consistent with obtained data on reduced heat buidup. As can be seen from Figure 4 , a change in tg δ from 0.203 to 0.153 led to a reduction in heat build-up from 48 to 42°C. This is a positive feature, as it makes it possible to lower the percentage of substandard products with tread separation, and thereby to increase the reliability and repairability of the tyre [1] .
The term "reinforcement", or "level of strengthening", denotes the ability of the filler to retain its structure in the rubber compound under increased strains. It is calculated as the ratio of the nominal stress under 300 and 100% elongation [7] . The parameters tg δ and f 300 /f 100 are interrelated and are used as criteria of low hysteresis. It can be seen that, with increase in the mechanical loss tangent, the "level of strengthening" decreases ( Figure 4) . It is noteworthy that, for mixes based on specimens with a reduced tyre rolling resistance, the effect of "reinforcement" is more pronounced and is observed at higher nominal stress values ( Table 3) . This may indicate stronger interaction in the polymer-filler system through the formation of chemical bonds preventing the displacement of polymer chain segments in relation to the surface of the PSF particles.
Thus, the conducted investigations showed changes in the viscous behaviour of silica-filled rubber mixes by comparison with carbon-black-filled rubber mixes. At the same time, as in the case of using carbon black, increase in the viscosity of SSBR leads to a linear reduction in the mechanical loss tangent and to an increase in the physicomechanical properties of the vulcanisates. The obtained data indicate the preferred use of solutionpolymerised styrene butadiene rubber (without oil) with a Mooney viscosity of at least 60.0 to achieve a high level of elastic strength and hysteresis properties of the rubber compounds. 
